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We discuss spacecraft Doppler tracking for detecting gravitational waves in which
Doppler data recorded on the ground are linearly combined with Doppler mea-
surements made on board a spacecraft. By using the four-link radio system first
proposed by Vessot and Levine ‘, we derive a new method for removing from
the combined data the frequency fluctuations due to the Earth troposphere, iono-
sphere, and mechanical vibrations of the antenna on the ground. This method also
reduces the frequency fluctuations of the clock on board the spacecraft by several
orders of magnitude at selected Fourier components, making Doppler tracking the
equivalent of a zylophone detector of gravitational radiation?. In the assumption
of calibrating the frequency fluctuations induced by the interplanetary plasma, a
strain sensitivity equal to 4.7 X 10™at 10°Hzis estimated.

1 Introduction

Doppler tracking of interplanetary spacecraft is the only existing technique that
allows searches for gravitational radiation in the millihertz frequency regiorf’.
The frequency fluctuations induced by the intervening media have severely
limited the sensitivities of these experiinents. Among all the propagation noise
sources, the troposphere is the largest and the hardest to calibrate to a reason-
ably low level. 1ts frecluency fluctuations have been estimated to be as large
as 10-13 at 1000 seconds integration time.

In order to systemnatically remove the frequency fluctuations due to the
troposphere in the Dopplerdata, it was pointed out by Vessot and Leviné
and Smarret al. "that by adding to the spacecraft payload a highly stable
frequency standard, a Doppler read-out system, and by utilizing a transponder
at the ground antenna, one could make Doppler one-way (Earth-to-spacecraft,
spacecraft-to- Earth) as well as t we-way (spacecraft- Earth-spacecraft, Earth-
spacecraft- Earth) measuremnents. This way of operation makes the Doppler
link totally symmetric and allows the complete removal of the frequency fluc-
tuations due to the Earth troposphere, ionosphere, and mechanical vibrations
of the ground auntenna by properly combining the Doppler data recorded on
the ground withtlie data measured onthe spacecraft. ‘I'heir proposed scheme
relied on the possibility of flying a hydrogen maser on a dedicated mission.
Although current designs of Ilydrogenmasers have demanding requirements
in mass and power consutuption, it seccms very likely that by the beginning of
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the next century new space-qualified atomic clocks, with frequency stability of
a few parts in 10716 at 1000 seconds integration time, will be available. They
would provide a sensitivity gain of almost a factor of one thousand with re-
spect to the best performance crystal-driven oscillators. Although this clearly
would imply a great improvement in the technology of space born clocks, it
would not allow us to reach a Doppler sensitivity better than a few parts 10™.
This would be only a factor of five or ten better than the Doppler sensitivity
expected to be achieved on the future Cassini project, a NASA mission to
Saturn, which will take advantage of a high radio frequency link (32 GHz) in
order to minimize the plasma noise, and will use a purposely built water vapor
radiometer for calibrating up to ninety five percent the frequency fluctuations
due to the troposphere.

in this paper we adopt the radio link configuration first envisioned by
Vessot and Levine?, but we combine the Doppler responses measured on board
the spacecraft and on the ground in a different way, as it will be shown in the
following sections. Furthermore our technique allows us to reduce by several
orders of magnitude, at selected Fourier components, the noise due to the clock
on board the spacecraft’.

2 Doppler Tacking as a Narrow-band Detector

in Doppler tracking experiments a distant interplanetary spacecraft is moni-
tored fromn Earth through a radio link, and the BEarth and the spacecraft act as
free-falling test particles. In one-way Doppler ineasurements a radio signal of
nominal frequency Vo referenced to an onboard clock is transmitted to Earth,
where it is compared to a signal referenced to a highly stable clock. In fwo-
way operations, which have been used so far in gravitational wave searches, a
radio signal of frequency Vo is transmitted to the spacecraft, and coherently
transponder back to Earth.

If a Doppler readout system is added to the spacecraft radio instrumen-
tation, and a transponder is installed at the ground station, one-way as well
as two-way Doppler data can also be recorded on board the spacecraft. If we
assume the Earth clock andthe onboard clock to be synchronized, then the
one-way and two-way Doppler data racasured at timet on the Earth (E; (t),
72(t) respectively), and the one-way and two-way Doppler measured at the
same timeton the spacecraft (S(t),S2(t)), are given by tile following rather
complete expressions’

o= YIMWpe-(+ wL) - h(D] + Cuelt - L) = Cr(0)
+ 7))+ Bt - L) + At — L) + ELg(t) + Pe(t), (1)
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+ Tt —L) -t Bit) + Ap(t — L) + ELs, (t) + Ps, (t) , (3)
So(t) = -. L]_jz_fQ h(t - pL) + ph(t — L) + Ll——2:—/‘) h(f“QL - pl)

-t Cyelt — 2L) — Cse(t) -t 27°(t — L) + B(t — 2L) + B(t)
+ Ase(t - 2L)+ Ap(t — L)+ TRe(t — L) + ELg, (1)
+ Ps,(t) | 4

where At} is equal to

h(t) = h,(t) cos(2¢) + hx (t) sin(2¢) , (5)

and is the gravitational wave signal. In Eqgs. (1 - 4) ¢ is the cosine of the angle
between the direction of propagation of the wave and the line of sight to the
spacecraft, hy (t), hx(t) are the wave's two independent amplitudes referenced
to a given set of axes defined in the plane of the wave, ¢ is the polar angle
describing the projection of the direction to the spacecraft in the plane of the
wave, and L is the distance to the spacecraft (units in which the speed of light
c=1)

In Eqs. (1-4) Cg(t) and Cs.(t) represent the fluctuations due to the ground
and onboard clock respectively, B(t} is the effect of the spacecraft buffeting,
TR,.(t)and TREg (t} represent the noise due to the transponder on board and
on the ground respectively, ELg,(t),ELg, (t), ¥Ls, (t), and £ Ls,(t) the noises
from the electronics at the ground station and on the spacecraft iu the one-
way and two-way data, and Pg, (t), Pr, (t), Ps.{t), and Ps, (t) the frequency
fluctuations due to the interplanetary plasma. The plasma noise can be entirely
calibrated by using dual frequencief. The Doppler data S,(t) and Sa(t) are
then time tagged, and telemetered back to Earth in real time or at a later time
during the mission.

It was first pointed out by Vessot and Levinée that by properly combining
some of the four Doppler data streams it was possible to calibrate the frequency
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fluctuations of the troposphere, ionosphere, and ground antenna noise, 7'(t).
We have further improved their result’ by showing that there exists a unique
linear combination of the two one-way Doppler data which does not contain
T'(t) and minimizes the r.m.s. noise level. The corresponding expression ¥{f)
of this linear combination in the Fourier domain is equal to *

Y1 ! < 1 rsfl
y(f) = 3 [51(f) — Ei(f) €* “] . (6)
If we substitute the Fourier transforms of Igs. (1, 3) into Eq. (6) we get
amifL 1 ‘ - ' N
y(f) = 6_2, [1 — L’g_@ e2mif(u-1L _ ( - ) 621“/(#+1)L] k(f)
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Eq. (7) shows that the transfer function of the noise of the onboard clock,
Csc(f) can be minimized at multiple integers of the inverse of twice the round
trip light time. The sensitivity figures achievable with this technique have been
estimated in reference [2] under several radio hardware configurations. ‘I'he
lowest sensitivity that this technique can achieve at 10°Hz has been estimated
to be equal to 4.7 x 10™18, under the assumption that the inverse of the round
trip light time does not change more than the frequency resolution A f of the
data over forty days. In order to show that this is not an unrealistic hypothesis,
we have analyzed the Cassini trajectory when gravitational wave experiments
will be perforimed. We have found that the distance to the spacecraft can be
approximated quite accurately by the following quadratic function of time

L(t) = a4 Bt + vt*,
a = 29 Xx10'sec. ; f=-14 X10-°; y= 11 x 10-**11Z , (8)

where the numerical values for a,(,and7given in Eq. (8) correspond to the
first Cassini solar opposition. The tine derivative of Eq. (8), calculated for a
time interval of forty days, iinplies the following maximum variation 4 f of the
frequency f1 = 1 /4L

A
o 63x10-5 <AL

'}1”—— fl =16 X10°. 9)



3 conclusions

The main result of our analysis shows that by flying a frequency reference and
by adding a Doppler extractor on board a spacecraft and a transponder at
the ground antenna, we can achieve at selected Fourier components a strain
sensitivity of 4.7 x 1018, Our method relies on a properly chosen linear com-
bination of the one-way Doppler data recorded on board with those measured
on the ground. It allows us to remove entirely the frequency fluctuations due to
the troposphere, ionosphere, and antenna mechanical, and to reduce by several
orders of magnitude the noise due to the onboard clock.

The experimental technique presented in this paper can be extended to a
configuration with two spacecraft tracking each other through microwave or
laser links. Future space-based laser interferometric detectors of gravitational
waves?, for instance, could implement this technique as a backup option, if
failure of some of their components would make the normal interferometric
operation impossible.
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